Abstract
Introduction

27
The construction industry is one of the largest industries in both developed and developing 28 countries. Employing two million people in the UK, it is the country's biggest employing 29 industry. Unfortunately, it is also well known that construction is an inherently less safe sector 30 than other sectors because it exposes workers to harsh and dangerous working environments.
31
This nature of the construction industry results in a comparatively high incidence of serious 32 injuries and death. This safety handicap is also one of key reasons behind the lack of 33 construction workforce. According to the Health and Safety Executive (HSE) UK [1] , deaths 34 and serious injuries amongst construction workers are unacceptably high and more frequent 35 than in any other sectors of the UK economy. In 2014-15 [2] , 35 construction workers were 36 fatally injured and a further 65,000 suffered a major injury at work in the UK, and the fatal 37 injury and work-related illnesses rates are over 3.5 times and 20% than the average rate across 38 all industries. One immediate impact of this high rate of work place injury and illness is cost 39 to business. The total economic cost of workplace injury and ill health in the construction sector 40 in 2013-14 was reported as £0.9 billion [2] . In a similar manner to the UK construction industry, 41 more than 26,000 U.S. construction workers have died at work over the past two decades [3] .
42
As these statistics indicate, safety in construction remains a major problem which needs to be 43 fundamentally resolved.
44
The causes of the safety problems of construction workers arising from construction activities 45 are varied. For non-fatal injuries occurred in the UK in 2015 [2] , about 80% were due to falls 
61
For example, the protective gear worn by construction workers including helmets, steel-toed 62 boots etc., helps reduce the impact of falls, trips and being struck by objects on the body [5]even 63 though the PPE increases worker discomfort and is ineffective against MSDs. Some recent 64 studies shows the potential that BIM can enable the automatic identification of construction 65 safety issues [6] [7] [8] . In addition, as a means of safety training, involvement of the workers in the 66 decision-making processes of evaluating workplace risks also helps identify and manage risks 67 effectively since the workforce has direct experience of site conditions and they are most aware 68 of potential hazards [9] . For this approach, the awareness and willingness of the workers and 69 the managers should be required to address the risks in construction site. 70 construction workers's safety, it is reported that the improvement rate has plateaued in recent 72 years according to [10] , indicating the pressing need to tackle the problem. This paper presents 73 a robotics-based novel approach to not only minimise the health and safety hazards of human 74 construction workers at construction but also increase the productivity in construction. The 75 concept of 'Robotic Construction Worker' (RCW) which moves the human construction 76 worker off-site and remotely links their motions to a RCW on-site is proposed. This approach 77 aims to not only minimize the risk of MSDs and the risks associated with humans being present 78 in a hazardous environment but also increase productivity. Two essential systems for the RCW 79 were developed in this study as a first steppingstone towards this ultimate goal, which are (1) 80 combined body and hand tracking system for the efficient and natural control of the humanoid 81 robot and (2) simulation environment system to test and demonstrate the RCW system. First, a 82 novel framework of combining vision-based hand tracking with body tracking was developed.
83
This framework is integral for the RCW system in order to control both the hand and body of 84 the robot naturally and simultaneously in a real-time and to implement detailed construction 85 tasks which often require hand-based elaborate skill and cannot be achieved without accurate 86 hand tracking of a construction worker. In this study, this framework was realised with 87 coordinate mapping and development of a software pipeline to enable the tracking systems to 88 run independently and simultaneously. Second, a simulation game engine was used to develop 89 virtual construction sites and test the proposed RCW system. It is assumed in this study that a 90 realistic and real-time simulation is vital to enable training, testing, planning and model-based 91 control of the robotics. The rationale and details of the two systems are described in Sections The paper is organized as follows. In Section 2, a review of the state of research aiming to 94 address the current problem of construction workers safety is presented. 
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Another limitation in existing computer vision techniques for tracking the motion of a 150 construction worker is that accurate tracking of the worker's hands has not been settled yet.
151
According to [22] , factors such as the high dimensionality of the hand pose and the 
Robotic techniques
170
Automation with robotics is an approach that can increase productivity, reduce the risk of
171
MSDs and minimize the risks associated with humans being present in a hazardous 172 environment. One such robot is SAM [26] which is a semi-automated mason robotic bricklayer. They recreated the scene in VR and investigated the teleoperation of a robotic crane system.
188
The limitation of this approach is that other construction workers would still be required on 189 site to perform activities that the construction machinery is unable to complete, potentially Real-time simulation -Given that construction robots are humanoid, method of controlling such a 252 robot must be considered and chosen. Two possible methods to do this are an operator using a 253 remote/joystick device or mapping the movements of the operator to the robot. Due to the large number 254 of degrees of freedom of a humanoid robot and as construction frequently requires the use of two hands 255 in 3D motion, a remote control using remote/joystick device would not provide the same ease of control 256 as mapping the movements of an operator to the robot. Moreover, mapping the operator's movements 257 requires minimal training for construction workers as they would largely perform the same actions they 258 previously did on site. For these reasons, this study uses the assumption that the humanoid robot is 259 remotely controlled by mapping the operator's movements to the robot, which can be realised with real-260 time simulation. To this end, a realistic simulation of the construction site, equipment, for the remaining finger joints)). The best humanoid robots still need significant research and 277 development to be able to fully mimic a human construction worker and replace them.
278
Robotic control and feedback system -A robust, stable and fast control system must be and can be decomposed into joint coordinates in 3D homogeneous coordinates. The details of 302 the hand tracking technique is shown in [22] . In this study, the coordinate system of the hand 303 tracking is mapped to the coordinate system of the body tracking, resulting in combined hand 304 and body tracking. 
324
Construction environment -The 3D virtual environment was developed to simulate a 325 construction site, tools, objects and a construction worker. The virtual construction simulation 326 was generated by preparing various scenes in the Unity3D game engine. In each scene, the 327 objects, algorithms, 3D models, camera and lighting were designed and built in a 3D virtual 328 space.
329
The task of developing the 3D full body pose tracking, a simulation of a construction site, 
Research methodology and results
341
A summary of the developed systems and results are shown in Figure 3 . This section goes 342 through the details of how each sub-system was developed. orientations. This is presented in a hierarchical (parent-child) structure as shown in Figure 4 (a).
347
The Kinect SDK classes 'Joint' and 'Skeleton' are the containers for the body tracking data 348 and provide a structured manner to utilize this information within the Unity3D simulation.
349
To demonstrate tracking and control of a virtual RCW, a standard 3D model of a construction 350 worker was utilized [34] . This is composed of a graphically rendered mesh, character joints, 351 and colliders placed on the body (Figure 4(b) ). The character joints are managed in the same 
Coordinate transformation of hand tracking 376
The FORTH Hand Tracker calculates hand coordinates in a different coordinate system (3D 377 homogeneous coordinates) to the one used in the Unity3D simulation (3D scene coordinates). 
387
In addition to the 3D joint coordinates, the orientations of hand and finger segments are 
Overview 414
The Unity3D simulation is developed by preparing various scenes. In each scene, the objects, 415 algorithms, 3D models, camera and lighting were designed and built in a 3D virtual space. As 416 a viewer observes a 2D screen image of the 3D world, a virtual camera was generated to capture 417 a view for display. The camera component also defines the size and shape of the region that 418 falls within the view. The 3D virtual environment developed to simulate a construction site, 419 tools, objects and a construction worker is shown in Figure 8 . 
439
Collider components define the shape of an object for physical collisions. Colliders, which are 440 invisible, need to conform to the shape of the graphical rendering, with rough approximations 441 enabling more efficient calculations. The least processor-intensive colliders, the Box Collider,
442
Sphere Collider and Capsule Collider, were used to bring physical characteristics to the virtual 443 RCW and to the virtual construction site as shown in Figure 9 . 
449
Joints enable the attachment of one Rigidbody to another or to a fixed point in space. Character
450
Joints are used in this study to create the virtual RCW to demonstrate body and hand tracking.
451
They are a ball-socket joint, which allows the limitation of the joint movement on each axis. then it is dropped. The code developed for this scene is outlined in Figure 10 . This research contributes to the building, civil and information engineering community by 553 providing a novel approach to eliminating the risks faced by construction workers on site. 
